Abstract: Exploiting surface plasmon polaritons to enhance interactions between graphene and light has recently attracted much interest. In particular, nonlinear optical processes in graphene can be dramatically enhanced and controlled by plasmonic nanostructures. This work demonstrates Raman scattering enhancement in graphene based on plasmonic resonant enhancement of the Stokes emission, and compares this mechanism with the conventional Raman enhancement by resonant pump absorption. Arrays of optical nanoantennas with different resonant frequency are utilized to independently identify the effects of each mechanism on Raman scattering in graphene via the measured enhancement factor and its spectral linewidth. We demonstrate that, while both mechanisms offer large enhancement factors (scattering cross-section gains of 160 and 20 for individual nanoantennas, respectively), they affect the graphene Raman spectrum quite differently. Our results provide a benchmark to assess and quantify the role and merit of each mechanism in surface-plasmon-mediated Raman scattering in graphene, and may be employed for design and realization of a variety of graphene optoelectronic devices involving nonlinear optical processes.
Introduction
Graphene exhibits remarkable potential for nanophotonics and optoelectronic devices [1, 2] . The fast carrier dynamics and high mobility in graphene promise ultrafast devices and its wide-band interaction with light presents a viable platform for optoelectronics from the far-infrared part of the spectrum up to the visible regime. Moreover, physical properties of graphene, such as its Fermi level, may be widely tuned by means of an external electrostatic field, which is of great importance for device applications. The interaction of light with graphene can be efficiently enhanced and controlled by means of plasmonic nanostructures. Therefore, the integration of graphene with surface plasmon polariton (SPP) structures has recently attracted much interest [3] [4] [5] [6] [7] . In particular, nonlinear optical processes can be significantly enhanced in graphene due to the SPP resonance associated with metal nanostructures. Raman scattering exemplifies one such nonlinear phenomenon that not only has significant applications in sensing and spectroscopy, but also provides an excellent tool to study SPP-mediated nonlinear optical processes in graphene.
Plasmonic structures, in general, can enhance nonlinear optical processes, including Raman scattering, through two direct mechanisms: first by enhancing the local incident field due to the resonant SPP absorption at the pump wavelength; and second by enhancing the emission rate due to the increased density of optical states at the scattered wavelength [8] [9] [10] . If the incident and scattered wavelengths significantly differ, e.g., in the second/ third harmonic generation, clearly only one of the mechanisms is supported by the SPP resonant mode. However, for Raman scattering, where the pump and Stokes wavelengths are relatively close, both mechanisms could simultaneously contribute to the enhancement [11, 12] . Graphene possesses at least three well-separated Raman scattering peaks, namely the D, G, and 2D peaks, corresponding to a relative red-shift equivalent to approximately 1350, 1570, and 2700 cm -1 , respectively. For instance, at an incident wavelength of 633 nm, the associated Stokes wavelengths are equal to 692, 703, and 763 nm, respectively [13] [14] [15] .
The effectiveness of plasmonic nanostructures to enhance Raman scattering in graphene has been recently demonstrated by utilizing metal nanoparticles and patterned nanostructures on or in close proximity of a graphene sheet [16] [17] [18] [19] [20] [21] [22] [23] [24] . While reports of large Raman enhancement factors are abundant in the literature, nonetheless, little work has been done on distinguishing resonant pump absorption from resonant Stokes emission and investigating the peculiar effects of each individual mechanism on the Raman spectrum of graphene. This deficiency is partly because realizing Raman enhancement purely based on only one mechanism is difficult due to the broad SPP resonance of the mediating plasmonic nanostructures. For instance, metal nanoparticles, often used for surface-enhanced Raman spectroscopy, possess broad Mie resonance that covers both the laser line as well as the Stokes wavelengths. In such cases both mechanisms usually contribute to the Raman enhancement and are referred to, in aggregate, as the electromagnetic mechanism in contrast to the chemical mechanism [25] .
In this work we have fabricated arrays of gold monopole nanoantennas on monolayer graphene with sufficiently high quality factors in order to demonstrate Raman enhancement exclusively based on resonant Stokes emission or resonant pump absorption. Here, scanning Raman microscopy (See Materials and methods) is used to measure the enhancement of G and 2D peaks as a result of coupling to the nanoantennas of different lengths and widths, i.e., different resonant wavelengths, as shown in Raman spectra on the graphene with and without the nanoantennas. The spectra are normalized to achieve equal 2D peak amplitudes. Figure 1 . The variation of the enhancement factor and its linewidth, with the nanoantennas resonant frequency, is used to study the similarities and differences between resonant pump absorption and resonant Stokes emission. A monopole nanoantenna is analogous to a transmission line (TL) resonator for SPPs at optical frequencies. The fundamental resonant mode imitates a λ/2 SPP-TL resonator and can efficiently absorb or radiate light waves. For a fixed wavelength, any deviation from the resonant length reduces the efficiency of absorption and radiation. The experiment primarily focuses on the enhancement of the G and 2D peaks. The D peak was excluded because it represents the degree of disorder and defects in the graphene crystal which could be simply enhanced as a result of graphene damage during the nanofabrication process without involving any of the aforementioned plasmonic mechanisms. Moreover, the spectral separation between the incident wavelength, G-, and 2D-peaks ensures that a given nanoantenna exclusively resonates either at the incident wavelength or only one of the Stokes wavelengths.
Materials and methods
As Figure 1 depicts, the devices consisted of arrays of 22 nmthick gold rectangular nanorods patterned over a graphene monolayer grown by chemical vapor deposition, on a 285 nm-thick thermally-grown silicon-dioxide layer, on a silicon substrate. Gold lift-off with e-beam exposed bi-layer PMMA (producing a re-entrant profile) was used to define the nanoantennas. Each array spans a 20 μm-by-20 μm area and contains 40-by-40 nanoantennas uniformly distributed with a pitch size of 500 nm along both directions. The lengths of the nanoantennas for different arrays varied from 50 to 170 nm for two widths of 40 nm and 55 nm. Unlike most relevant works where graphene is transferred after patterning the nanostructures (an approach that significantly degrades the quality of graphene due to tears, folds, and wrinkles), the nanoantennas used in this work have been fabricated directly on graphene whose quality has been well-preserved as is evident from a small increase in the D-peak amplitude after the fabrication process ( Figure 1D ). The measurement was carried out by a confocal Raman microscope (WITec Alpha 300R) where a 1 μm laser spot (50× objective) at a wavelength of 633 nm was rasterscanned with 50 nm steps over the samples and Raman spectra were recorded at each pixel. For large-area surfaceenhanced Raman spectroscopy (SERS) applications, where even larger arrays are required, laser interference lithography (LIL) may be used for patterning the plasmonic nanostructures [26, 27] . Figure 2A displays the image associated with the G peak amplitude covering the arrays of 55 nm-wide nanoantennas with lengths ranging from 58 nm to 118 nm. For very short nanoantennas, the contrast between the unpatterned graphene background and the patterned area is insignificant. Thereby, these nanoantennas do not strongly interact with any of the wavelengths involved in the experiment. However, as the nanoantennas length increases, the contrast between the background and the areas covered by nanoantennas becomes more evident, clearly exhibiting enhancement of the G amplitude in graphene. The enhancement monotonically increases with nanoantenna length ℓ until a maximum is reached at ℓ = 83 nm. Beyond the maximum, any further increase in length monotonically reduces the enhancement until it completely vanishes for very long nanoantennas. A similar trend is observed for the 2D peak ( Figure 2B ) but the maximum enhancement is reached for ℓ = 108 nm. Figure 2D -F depict the linear profile of the Raman images 2A to 2C, respectively, taken across the middle of the nanoantennas arrays.
Results and discussion
The fact that the Raman amplitudes at the G and 2D peaks maximize for the nanoantennas of different lengths, and consequently of different resonance wavelengths, suggests that the underlying enhancement mechanism relies on the resonant coupling of the G-line (λ≈703 nm) and 2D-line (λ≈763 nm) to the nanoantennas with ℓ = 83 nm and ℓ = 108 nm, respectively. Conversely, the local field enhancement mechanism at the pump wavelength should have resulted in maximum enhancement for the peaks at a common ℓ. More insight into the mechanism of the observed enhancement may be gained by examining the Raman peaks originating from the underlying silicon substrate. It has been previously shown that the transmittance of monopole nanoantennas exhibits a deep reduction at the resonant wavelength [28] . Therefore, Raman enhancement due to the resonant absorption at the pump wavelength should be accompanied by a sharp drop in the transmitted power through the nanoantenna arrays and consequently a dramatic decline in the photon flux reaching the silicon substrate. Since the depth of focus of the objective lens in the measuring apparatus is of the order of several microns and the silicon substrate is < 300 nm below the graphene layer, the measurement can easily probe the Raman signals in the silicon as well. A sharp drop in the amplitude of the silicon's Raman emission coinciding with the maxima of the graphene Raman lines would indicate resonant absorption by the nanoantennas, thus, providing evidence of Raman enhancement through the local field enhancement at the pump wavelength, i.e., the first mechanism. Conversely, an approximately constant silicon Raman amplitude would advocate the second Raman enhancement mechanism involving resonant emission at the Stokes wavelengths.
Aside from the familiar 520 cm -1 line due to Si-Si bonds (Si-peak), there is also a higher order silicon peak around 970 cm -1 (2Si-peak) which could be used for this study. In the measurement both Si and 2Si peaks have been simultaneously observed along with the G and 2D peaks of graphene. Figure 2C illustrates the corresponding Raman image for the 2Si peak and Figure 2G shows the whole Raman spectrum at different nanoantenna lengths. The 2Si peak is presented here since it is closer to the graphene lines. Otherwise, qualitatively similar results have been obtained from the Si peak. As shown in Figure 2C , although there is a reduction in the amplitude of the 2Si peak where nanoantenna arrays are located, it does not vary much among nanoantennas at different lengths. Hence, the experimental observations are consistent with an enhancement mechanism based on nanoantennas resonant coupling to the Stokes photons.
Similar results have been also achieved using narrower rectangular monopole nanoantennas with a width of 40 nm, where this time the amplitude of the G and 2D peaks reach a maximum for nanoantennas with ℓ = 78 nm and 93 nm, respectively, and the 2Si amplitude is again almost flat. This observation is consistent with the previous results showing that decreasing the width of a monopole nanoantenna red-shifts its resonant wavelength [28] . Therefore, to resonate at a given wavelength narrower nanoantennas must be shorter.
In order to quantitatively model the experimental results, the electromagnetic performance of the nanoantennas were numerically analyzed by means of the transmission line (TL) model developed by Mousavi et al. [28] as well as a more rigorous full-wave three-dimensional finite-element method (FEM) analysis. Based on the TL model, an SPP round-trip along the nanoantenna at the resonance wavelength should amount to a phase shift equal to an integral multiple of 2π ( Figure 3A) . The phase shift due to the propagation of the SPP mode excited on the TL may be found from the effective propagation constant n eff for an infinitely long waveguide with the same cross-section as the nanoantennas ( Figure 3B ) and the phase retardation from the reflections at the two ends may be estimated through the spatial extent of the fringing fields in the two-dimensional mode profile. Therefore, the resonance condition results in λ m = m(2ℓ eff n eff ), where λ m indicates the resonant wavelength of the mth order mode and ℓ eff represents the effective length of the TL, which is the sum of its physical length ℓ and the length of the fringing fields at the two ends. Figure 3B shows n eff as a function of λ and the dashed-line curves in Figure  3E depict the resulting resonant wavelengths for the two widths used in the experiments. Figure 3C -D illustrate the electric and magnetic field profiles obtained from FEM for a representative 105 nm-long nanoantenna at the resonance wavelength in the plane tangent to the bottom facet of the nanoantenna coinciding with the plane of the graphene film. These profiles demonstrate a typical dipolar field distribution with small mode areas and strong electric field magnitudes at the ends and corners, all of which are generic to this kind of nanoantenna at optical frequencies [28] . The solid lines in Figure 3E show the resonance wavelengths of the nanoantennas as a function of lengths derived from the FEM analysis. The results of the TL and FEM models are in good agreement and clearly indicate that the lengths at which the measured amplitudes of the G and 2D peaks maximize, as represented by the squares and circles in Figure 3E , coincide with the resonance at the G and 2D wavelengths, respectively. Therefore, the observed Raman enhancement is undoubtedly due to the nanoantennas resonant coupling to the red-shifted Stokes, rather than the pumping photons. Figure 4A -B show the experimental G and 2D peak Raman enhancement factors as a function of ℓ for the two nanoantenna sets of different widths, respectively. The enhancement factor for a specific nanoantenna array ε is defined as the ratio of the average Raman amplitude measured over the array to the same quantity over the neighboring unpatterned graphene area. The figures clearly demonstrate that the peak enhancement factors for the G and 2D peaks occur for the nanoantennas whose resonant wavelengths coincide with the G and 2D Stokes wavelengths, respectively. In addition, the maximum enhancement factors for the two Raman peaks differ considerably from each other by more than a factor of 2. Moreover, the dramatic difference in the enhancement spectral widths for the G and 2D peaks is a manifestation of the dispersive nature of the underlying enhancement mechanism.
All of these experimental observations are inconsistent with the resonant pump absorption, which is the underlying mechanism to predict almost equal enhancement factors and spectral widths at a common ℓ. These results suggest that ascribing the Raman scattering enhancement in graphene solely to the SPP-mediated resonant pump absorption when the measured enhancement factors for the G and 2D peaks differ considerably, as is prevalent in the literature, is at least controversial, if not erroneous.
To demonstrate a situation where the resonant pump absorption produces Raman enhancement, nanoantennas resonant with the incident wavelength of 633 nm are required. As Figure 3D shows, such nanoantennas should be much smaller than the monopole nanoantennas used in this work. In addition, gold's interband transition loss becomes significant at this wavelength and hinders a direct and clear demonstration, merely because the resonances of such small gold structures have low quality factors and will be too broad to resolve the spectral separations among the Stokes wavelengths. In fact, such broad resonance in selfassembled nanoparticles or a combination of fabrication defects and irregular geometries in patterned nanostructures might have been an important reason for the lack of discretion between the two mechanisms in graphene. Alternatively, utilizing higher-order resonant modes of nanoantennas relieves these issues. For instance, the secondand third-order longitudinal resonant modes correspond to λ and 3λ/2 resonators, respectively. This technique allows longer nanoantennas to resonate at the pump wavelength, but at the cost of a larger mode volume. Together with the higher loss of gold at shorter wavelengths, it reduces the achievable Raman enhancement factor. Compared to the fundamental mode, higher-order modes of plasmonic resonators are generally underutilized and rarely considered as a viable means for nanophotonics. This is partly because many of them may not be directly excited by plane waves due to their anti-symmetric mode profile. The second-order mode of a monopole nanoantenna, i.e., the λ SPP-TL resonator, falls in this category. The third-order mode, however, maintains a symmetric mode profile which can be excited by plane waves. Figure 4B clearly shows the contribution of this mode to the graphene Raman enhancement as two coincident peaks in the enhancement factor of the G and 2D peaks at ℓ = 168 nm. Unlike the enhancement factor peaks originating from the resonance at the Stokes wavelengths for shorter nanoantennas, these have almost equal widths and amplitudes, which is consistent with the incident field enhancement mechanism at the pump wavelength. The relatively lower enhancement factor is expected due to the lower quality factor and larger mode volume of the higher-order resonance.
It has become customary in the literature to report the ratio of the maximum measured amplitude of the Raman peaks in graphene near the plasmonic nanostructure to that at a reference point, often the bare substrate, as the figure of merit of the plasmonic enhancement. Such quantification relies on the best observed performance and is sample dependent. More fundamentally, it is well-known that the electromagnetic fields diverge at sharp (subwavelength) corners even in non-resonant scatterers [29, 30] . Therefore, such quantifications are inaccurate since local geometric irregularities, which are often random and unintended, due to material and fabrication defects, significantly contribute to the so-called enhancement factor. Moreover, the overall size of the nanostructure does not directly factor in such figures of merit. It is obvious that many applications of plasmonic enhancement require an array of nanostructures. Thus, the geometric extent of the unit cell should be considered when defining the figure of merit. Given that plasmonic nanoantennas are essentially antennas, the figure of merit of the plasmonic enhancement, or equivalently the scattering gain, S G could be defined as the ratio of the effective scattering cross-section A eff to the geometric cross-section A g :
Theoretical evaluation of S G involves solving a standard electromagnetic scattering problem. Its experimental determination for an array of nanoantennas is also straightforward as follows. Let P 0 and P 1 denote the average emitted Raman powers from one of the Stokes processes, from an unpatterned uniform area of graphene as large as the unit cell of the nanoantenna array A 0 and from a unit cell of the nanoantenna array, respectively. The array enhancement factor defined above and depicted in Figure 4A -B is, thus, equal to
Given that the enhancement factor of an unpatterned unit cell by definition equals to 1, and ignoring the area that is blocked by the geometric area of a nanoantenna A g from the incident field (A g < < A 0 ), then ε-1 is the contribution of an individual nanoantenna to the enhancement of the Raman scattering amplitude. Thus, the effective scattering-cross section of a single nanoantenna reads A eff = (ε-1)A 0 . This is substituted in equation (1) in order to experimentally extract the scattering cross-section gain of a single nanoantenna. Figure 4C gives S G as a function of ℓ for the G and 2D peaks of the two nanoantenna sets at different widths, where it is evident that scattering cross-section gains as high as 160 may be attained for a single nanoantenna. The measured arrays are sparsely populated with nanoantennas, ranging from < 1% geometric fill factor for ℓ = 50 nm to 3.7% for ℓ = 170 nm. Since the mode volume of a single nanoantenna is small, as shown by Figure 3C -D, the arrays could be much more densely filled with nanoantennas in order to obtain even higher array enhancement factors. From a practical point of view, the mechanism of Raman enhancement based on tuning nanoantennas to the Stokes wavelengths has the advantage that one could selectively choose which Raman process in graphene to enhance, whereas the resonant pump absorption mechanism inevitably enhances all the Raman processes almost equally.
Conclusions
In conclusion, the enhancement of Raman scattering in graphene was demonstrated exclusively based on resonant Stokes emission by monopole gold nanoantennas. This case was experimentally compared to the similar effect caused exclusively by resonant pump absorption using the third-order longitudinal SPP mode of the monopole nanoantennas. Both mechanisms exhibited a large enhancement in the scattering cross-section, up to 160 for resonant Stokes emission and as high as 20 for resonant pump absorption. With such high gains in the scattering cross-section and their small geometric size, nanoantenna arrays provide a viable means for ultrasensitive and efficient surface-enhanced Raman spectroscopy as well as other nonlinear optical processes in graphene. It was also demonstrated that these mechanisms affect graphene G and 2D Raman scattering quite differently. It was shown that the resonant pump absorption symmetrically enhances both the G and 2D peaks with an equal factor and the enhancement maintains the same spectral width for both processes. On the other hand, it was found that the resonant Stokes emission mechanism asymmetrically enhances the two processes with substantially different enhancement factors and spectral linewidths. The difference was explained based on the underlying physics for each mechanism. The resonant pump absorption is common to both G and 2D processes, enhancing the local incident field, and consequently the scattering cross-section for both equally, whereas the resonant Stokes emission favors only that Stokes process being tuned, resulting in quite different enhancement factors and spectral linewidths for the G and 2D peaks. These results shed light on existing ambiguities and misinterpretations on the mechanisms of plasmonic Raman enhancement by optical nanostructures in graphene, and provide experimental benchmarks for their identification. In particular, those configurations reporting significant mismatch between the G and 2D peak enhancement factors must be inevitably involved in the resonant Stokes emission to some degrees, if not as the main mechanism. Simultaneous contribution of both mechanisms may be justified in deep sub-wavelength nanostructures due to their low quality factors and broad SPP resonances. Moreover, this work introduced a new figure of merit for quantifying the overall merit of plasmonic nanostructures in enhancing nonlinear optical processes, including Raman scattering, in terms of the scattering-cross section gain and discussed a method for its experimental determination. This new enhancement figure of merit is fundamentally more accurate, practically more useful, and universally more robust and reproducible against sample dependencies than the common practice definition in terms of the highest observed Raman amplitude at isolated hot spots in the vicinity of plasmonic nanostructures.
